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I,  REQUIREMENTS 


This  iodine  laser  facility  was  designed  and  fabricated  to  provide  an 
unobstructed  annular  gain  medium  for  testing  the  conve  rging- wave , unstable 
laser  resonator  developed  by  Chodzko^  at  a relatively  high  Fresnel  number. 
Other  annular  laser  resonators  can  also  be  tested  with  this  iodine  laser 
facility.  Because  of  the  relatively  short  wavelength  (X  = 1.315  pm)  of  an 
iodine  laser,  it  was  possible  to  obtain  a medium  Fresnel  number  (N^)  of 
1900  with  an  annular  laser  tube  of  10-cm  outer  diameter  and  a length  of  1 m. 

A relatively  high  gain  is  required  for  the  converging-wave  unstable 
resonator.  Calculations  for  the  threshold  gain  over  the  range  of  expected 
values  of  the  resonator  magnification  are  given  in  Appendix  A.  The  small 
signal  gain  (g^L)  should  be  at  least  ten  times  the  maximum  expected  threshold 
gain  to  ensure  that  the  medium  is  well  saturated.  This  deriv»^d  small 
signal  gain  of  6.  5 probably  can  be  achieved  (Section  III).  The  gain  can  be 
reduced,  if  desired,  by  the  introduction  of  a buffer  gas  such  as  argon  to 
increase  the  line  broadening.  The  annular  configuration  is  ideal  for  flash- 
photolysis  pumping  by  a linear  flashlamp  located  at  the  tube  axis. 


The  Fresnel  number  of  the  medium  (Nni)  is  a /XL,  where  a is  the  radius 
of  the  laser  tube,  L the  length,  and  X the  wavelength  of  tlie  laser  radiation. 

^R.  A.  Chodzko,  S.  B.  Mason,  and  E.  F.  Cross,  "Annular  Converging  Wave 
Cavity,"  Appl.  Opt.  J_5,  2137  (1976). 
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IODINE-LASER  CHARACTERISTICS 


The  atomic  iodine  laser,  which  operates  by  the  photochemical 
dissociation  of  certain  pc rfluoroalkyl  iodides,  was  discovered  by  Kasper  and 
Pimentel  in  1964.  Research  and  development  of  tlie  atomic  iodine  laser  has 
been  increasing  since  1970  when  Hola  and  Kompa"^  and  others  realized 
that  this  type  of  laser  is  well  suited  for  laser  fusion  experiments.  Hola  and 
Kompa,"^  Davis  et  al.  , ^ and  Gross^  reviewed  tlie  theory  and  operation  of 
the  photochemical  iodine  laser.  Their  reviews  contain  extensive  lists  of 
references.  Only  a brief  description  of  the  principles  of  operation  will  be 
given  in  this  report. 

The  pumping  of  the  excited  iodine  atoms  is  accomplished  by  the  photodis- 
sociation of  a gaseous  pe  rfluoroalykl  iodide  such  as  C^F^I.  More  than  90% 

of  tlie  iodi'  -ris,  separated  from  the  molecule  by  absorption  of  ultraviolet 

2 

radiatio'  the  excited  state  ( Pj/2^’  These  excited  iodine  atoms  then 


"■J.  V.  \ . Kasper  and  G.  C.  Pimentel,  "Atomic  Iodine  Photodissociation 
Laser,  "Appl.  Phys.  Lett.  231  (1964). 

K.  Hohla,  P.  Gcnsel,  and  K.  L.  Kompa,  in  Proceedings  of  the  Second 
Workshop  on  Laser  Interaction  and  Related  Plasma  Phenomena,  ods.  , 

,T.  Scliwarz  and  II . Hora,  Plenum  Publishing  Co.  , New  York  (1 972). 

^K.  Hola  and  K.  L.  Kompa,  "The  Pliotochemical  Iodine  Laser,  " Chemical 
Laser  Handbook,  eds.  , R.  W.  F.  Gross  and  J.  F.  Bott,  Wiley-Inter science. 
New  York  (1976). 

^C.  C.  Davis,  R.  J.  Pirkle,  R.  A.  McFarlane,  and  G.  J.  Wolga,  "Outjjut 
Mode  Spectra,  Comparative  Parametric  Operation,  Quenching,  Photolytic 
Reversibilitv',  and  9iort-Pulse  Generation  in  Atomic  Iodine  Photodissociation 
Lasi-rs,"  IEEE  J.  Quantum  Electron.  QE-  12,  334  (1976), 

^R.  F.  W . Gross,  "Laser  Induced  Fusion  and  X-Ray  Laser  Studies,"  in 
Physics  of  Quantum  Electronics,  Vol.  Ill,  eds.,  S.  F.  Jacobs,  M,  Q. 

Scully,  M.  Sargent,  and  C.  D.  Cantrell  III,  Addison- Wesley,  Reading, 

Mass.  (1976). 
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make  the  transition  to  the  ground  state  ( emission  of 

radiation  at  \ = 1.315  [am.  The  primary  reactions  are; 

C^F.^1  + hv  (ultraviolet)  -•  + I (^Pj/2^ 

and 

I*(^Pl/2)^  I(^P3/2)  + hv  (lasing) 

The  absorption  band  of  C^F^l  (Fig.  1)  extends  from  about  0.  24  to  0.  32  pm 
in  the  ultraviolet.  Such  iodide  molecules  as  CF^I*  ^2^5^’  ^4^9^  have 

also  been  used  for  photochemical  iodine  lasers,  but  C^F^I  produces  the 
greatest  power  output.  The  iso  state  of  C^F.^1,  in  which  the  iodine  atom  is 
attached  to  the  side  of  the  chain,  produces  slightly  more  laser  outjjut  than 
the  normal  state.  Therefore,  this  molecule  was  used  in  the  laser.  Some 
free-iodine  atoms  combine  to  form  iodine  molecules,  but  most  recombine 
with  the  C-F.^  free  radical  to  regenerate  tlie  lasing  gas.  These  chemical 
reactions  are  discussed  in  detail  by  Davis  et  al. 

The  energy  level  of  the  excited  iodine  atom  is  split  by  the  interaction 

of  the  electron  angular  momentum  of  1/2  with  the  nuclear  angular  momentum 

of  5/2.  A diagram  of  these  energy  levels  is  shown  in  Fig.  2.  The  F-values 

are  the  sums  of  the  electron  angular  momentum  J-value  and  tlie  nuclear 

angular  momentum,  and  the  g-values  are  the  degeneracy  of  each  state.  As  a 

result  of  the  splitting  of  the  energy  levels,  six  spectral  lines  are  allowed  by 

the  selection  rules.  Their  relative  strengths  and  shifts  are  shown  in  Fig.  2. 

At  a pressure  of  15  Torr,  the  spectral  lines  are  clearly  separated.  Most  of 

2 

the  laser  radiation  appears  in  the  3-4  line.  The  lifetime  of  the  P j ^2 
state  of  iodine  is  relatively  long  (^0.  2 sec). 

5 

Davis  et  al.  noted  that  the  spectral  lines  could  be  further  split 
and  shifted  by  the  strong  magnetic  field  associated  with  a high-current 
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flashlamp.  In  this  configuration,  however,  the  magnetic  field  is  mostly 
confined  near  the  flashlamp  tube  by  close-fitting  current  return  bus  rods, 
and  the  amount  of  magnetic  field  in  the  laser  tube  volume  is  small  (Section  IV). 


III.  PERFORMANCE  CALCULATIONS 


The  operating  parameters  that  produce  the  desired  small  signal  gain 

and  the  corresponding  output  energy  were  calculated.  These  performance 

calculations  were  based  on  the  analysis  developed  by  Trenholme  and  Manes 

4 

and  on  data  from  Hohla  and  Kompa. 

The  small  signal  gain  is  the  product  of  the  cross  section  for  stimulated 
emission  (o)  and  the  inversion  density  (^N).  The  latter  is  given  by 


= 3.  5 X 10  6 P, 


where  6 is  the  degree  of  dissociation,  which  depends  on  the  integrated  ultra- 
violet radiation  from  the  flashlamp  and  P(-p  is  the  partial  pressure  of 
C^F^I  in  Torr.  The  numerical  factor  of  3.  5 X 10  is,  of  course,  the  number 
of  molecules  per  cubic  centimeter  at  a pressure  of  1 Torr.  The  cross  section 
for  stimulated  emission  (ct  ) is  inversely  proportional  to  the  spectral  line 
width,  and  the  line  width  is  directly  proportional  to  the  pressure  in  the  range 
where  pressure  broadening  is  much  greater  than  the  Doppler  width,  i.e.  , 

when  P^,-  > 10  Torr.  Then,  a = a /P^^.  The  value  of  a is  6 x 10  ' cm 

Or  O o 

per  unit  of  pressure  in  Torr.  From  the  above,  the  small-signal  gain  (g  ) is 


g = 3.  5 X 10  a 5 
^o  o 


g^  - 2.  15  (cm”  ) 


J.  B.  Trenholme  and  K.  R.  Manes,  "A  Simple  Approach  to  Laser 
Amplifiers,"  UCRL-51413,  Lawrence  Livermore  Laboratory,  University 
of  California,  Livermore,  Calif,  (28  November  1972). 
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Tho  iodine  spectral  lint's  can  be  broadened  further,  and  the  gain  reduced  by 
the  addition  of  diluent  gases  such  as  argon  or  CO^.  An  estimate  of  6 will  be 
made  later  in  this  section. 

It  is  necessary  to  determine  the  satviration  energy  density  E in  order 
to  calculate  the  maximum  energy  density  that  can  be  extracted  from  the 
medium . 


i s a factor  that  ch>pi>nds  on  tlie  degeneracies  of  the  up])er  and  lower  levels, 

i-e.  , y = ( 1 g^^/g^).  The  a is  the  fraction  of  iodine  atoms  in  the  excited 

li'vel  that  contribute  to  lasing.  At  low  pressure,  only  the  3-4  line  lases. 

■>,  = I f /9  a nd  a = i / I 2 ; tlie  rr-f o r c> , a / \ = 0 . 3 3 { Fig  . 2 ) . A t highe  r p res  su  re s , 

the  lire's  overlap,  and  a/\  can  be  as  great  as  0.67.  ho  = 1.5  x 10'^*^  J for 

\ = 1 . 31  5 pm,  and  j = 6 X 10"  ' Thus, 

Cr 

- 19 

E 0.  33  y '0  p - 8.  25  X 1 0"S^„(.T /cm^) 

® 6x10"’' 

The  maximum  extractable  energy  density  (E„^)  is  equal  to  g E (J/cm^). 

IlA  O S 

Eex  = 8.  25  X X 2.  If  = 1.  74  X 10"^  5P^p(J/cm^) 

Experience  at  the  Garching  laboratory  of  the  Max-Planck-Instituti'  fur 
Plasmaphysik , Garching,  Germany,  has  shown  a flashlamp  efficiency  of 
3.  3x  10  for  low-pressure,  single-line  operation,  i.e., 

E V = 3.  3 y 10"^  E 

cx  cap 
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where  V is  the  tube  volume,  and  Fi  is  the  electrical  <>nergy  stored  in  the 

cap 

discharge  capacitor.  The  volume  of  an  annular  laser  tube  is 

V = TT  L(r^  - r^) 

where  L is  the  length,  and  r^  and  r^  are  the  outer  and  inner  diameters, 
respectively.  The  abovi'  expression  can  be  written 

V = ■^LCr^  - Tj)  (i'2  + = irLdir^  + >"  j ) 

where  d is  the  thickness  of  the  annular  space.  Then, 

E V = 1.74xl0  ^5P„„TrLd(i-+r) 
ex  CF  I 1 

The  optimum  value  of  the  product  of  is  determined  by  the  absorption 

- 1 

coefficient  of  C^F.,1,  which  is  a = 1/85  (Ton-  cm)  . For  uniform  pumping 
through  the  thickness  (d),  aP^p,d  = 1;  tlien,  P^^^d  = 85,  and 

F V = 0.  462  c L(r^  -t  r.)  J = 3.  3 X 10“^  E 
ex  2 1 cap 

For  this  iodine  laser  tube,  r^  = 5.6  cm,  r^  = 10.0  cm,  L = 100  cm,  and 

E = 5000  J.  With  these  values  used  in  the  equation  above,  6 is  0.023,  and 
<^ap  _ 1 

E V = 16.  5 ,T.  The  gain  (g  ) is  2.  16  = 0. 0483  cm  and  g L = 4.  83. 
ex  o o 

These  calculations  are  ajiproximate  and  depend  on  the  value  of  the 

flashlamp  efficiency.  Sinct-  the  flashlamp  geometry  reported  here  is  different 

from  that  used  at  Garching,  this  value  may  be  significantly  different.  The 

gain  (g^)  can  be  incri-ased  somewhat  by  means  of  a slightly  lower  pressure 

than  the  19  Torr  implied  by  The  medium  uniformity  thereby 

would  be  improved,  but  the  out]iut  t-nergy  would  be  decreased  slightly.  For 
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a pressure  (P„  ) of  1 5 Torr,  it  was  found  that  6 = 0. 0295  and  g = 0.  062. 
Or  O 

These  values  come  close  to  satisfying  the  gain  requirements  for  the  iodine 
lase  r . 


The  uniformity  of  the  annular  medium  was  examined.  The  degree  of 
dissociation  is,  of  course,  proportional  to  the  flux  from  the  flashlamp.  The 
flux  (F),  at  any  given  radius  (r)  from  the  center  of  the  annulus,  is  given  by 

F(r)  _ ^ -Mr-r.) 

FTTj)  r 

when  the  flux  escapes  through  the  outer  tube.  If,  however,  part  of  the  light 
is  reflected  from  the  oi.ter  tube  with  a reflection  coefficient  (6),  the  pumping 
radiation  is  the  sum  of  tlie  outgoing  and  reflected  radiation. 

= h + P ^ e-’^<’'2  - e-’"^"2  ‘ 

F ( r j ) r r 

These  flux  values  are  plotted  in  Fig.  3 as  a function  of  radius  for  both  of  the 
above  cases  and  for  several  values  of  tlie  absorption  parameter  (k),  which  is 
related  to  the  partial  pressure  of  C^F_I.  The  abovi'  relations  neglect  the 
loss  of  absorbing  molecules  caused  by  dissociation,  so  the  results  are  valid 
for  only  a small  degree  of  dissociation.  Then-  is  a radial  dependence  of 
r^/r  for  zero  absorption.  Reflection  from  the  outer  tube  increases  the 
radiation  flux  and  in'-p  roves  the  medium  uniformity  somewhat.  For  all 
experiments,  a covering  of  aluminum  foil  was  placed  around  the  outside  tube 
to  reflect  the  liglit  back  into  the  annular  medium. 


t 
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IV.  HIGH-VOLTAGE  ELECTRICAL  CIRCUITS 


A.  SYSTEM  DESIGN 

Figure  4 is  a schematic  diagram  of  thi-  high-voltage  electrical  circuits. 
The  system  is  designed  to  discharge  an  energy  storage  capacitor  into  a 
flashlamp.  It  was  desired  that  the  duration  of  the  current  pulse  be  minimized. 
The  capacitor  is  charged  with  a high-voltage  power  supply,  rated  at  70  kV  and 
5.  5 mA,  through  a lO-IVKl  resistor.  All  of  the  high-voltage  leads  were  com- 
pletely enclosed  for  personnel  safety. 

B.  CHARGING  CIRCUIT 

The  high-voltage  power  supply  is  a Universal  Voltronics  Model 
BAM-70-5.  5 adjustable  dc  supply  with  a standard  Minitrol  control  pantT. 

The  charging  current  is  limited  by  a 10-M.T  resistor,  which  gives  an  RC  time 
constant  of  26.  3 sec.  The  capacitor  voltage  is  given  by  the  equation 


V = V ( 1 
c o 


-t/RC 

e 


) 


where  V is  the  supply  voltage  and  t is  the  time.  The  time  required  to 

charge  a capacitor  to  a voltage  (Vc) with  a power  supply  with  an  outj^ut 

voltage  (V  )is  then 
o 


/ ^ 

t = RC  Inl.^;^ 

\ o ~ 

For  V =70  kV  and  V =60  kV,  the  charging  time  is  51.6  sec. 
o c 

A liquid  resistor,  containing  a nearly  saUirated  CuSO^  solution,  is 
a simple  and  inexpensive  capacitor  dump  resistor.  This  resistor  is  made  of 
a piece  of  1/2-in.  i.d.  tygon  tubing  16  in.  long  with  copper  electrodes  at  the 
ends.  It  was  calculated  that  tJie  total  energy  (4734  J)  stored  in  the  2.63-pF 
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F'ig.  4.  Schematic  Diagram  of  High-Voltage  Circuits 


capacitor  at  60  kV  would  cause  a 22°  C temperature  rise  in  this  dump 
resistor.  The  measured  resistance  was  1000  0,  so  the  RC  time  constant 
is  2.63  msec,  and  the  peak  current  is  60  A.  The  pneumatic  switch  that 
closes  the  circuit  through  the  dump  resistor  is  normally  closed  with  no  air 
pressure.  The  pneumatic  switch  is  opened  by  nitgrogen  pressure  when  the 
capacitor  is  charged,  but  it  can  be  quickly  closed  by  a fast-acting  pressure- 
relief  valve. 

The  voltage  on  the  capacitor  is  measured  directly  with  a 50-pA  meter 
connected  to  the  capacitor  through  a 1-02  resistor.  This  voltage  measure- 
ment resistor,  the  cliarging  resistor,  the  liquid  dump  resistor,  and  the 
pneumatic  switch  are  mounted  in  a steel  box  filled  with  transformer  oil. 

All  high-voltage  connections  are  fitted  with  corona  balls. 

C.  CAPACITOR  AND  SPARK  SWITCH 

The  capacitor  is  a Maxwell  Model  32  50  3 low-inductance,  energy  storage 
capacitor  designed  for  nonoscillatory  service,  i.e.,  small  voltage  reversal. 
The  measured  capacity  is  2.63  pF.  A Physics  International  Model  670  high- 
voltage,  high-current,  spark-gap  switch  is  mounted  on  die  high-voltage 
electrode  of  the  capacitor  as  shown  in  Fig.  5.  Connections  are  made  to  the 
flashlamp  with  12  RG-2  13/U  coaxdal  cables  The  spark-gap  switch  is  triggered 
by  a fast- rising,  high- v'oltage  pulse  from  a Tobe  Deutschmann  pulse  generator, 
which,  in  birn,  requires  a fast  rising  250-V  trigger.  The  spontaneous  break- 
down potential  (of  the  spark-gap  switch)  is  made  somewhat  higher  than  the 
operating  voltage  by  adjusting  the  gas  pressure  in  the  switch.  For  60  kV , a 
pressure  of  about  50  psig  of  nitrogen  is  required,  but  atniospheric  pressure 
of  SF^  is  more  than  adequate.  The  SF^  gas  is  preferred  because  the  switch 
becomes  erratic  after  many  firings  with  nitrogen  gas. 
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FLASH  LAMP 


A jiapc'r  by  H'^lz  richt  ' r and  Schalow  and  design  information  from  the 
group  at  Garching  were  very  helpful  in  thc'  design  of  the  flashlamp.  The 
requirements  on  tlie  flashLiiiip  were  to  radiate  a 1-m  length  of  lasing  medium 
witli  ultraviolet  radiation  in  thi-  region  of  Z700  A.  On  the  basis  of  Garching 
experience,  a relatively  large  internal  diameter  of  18  mm  was  chosen  to 
increase  thi'  opacity  of  tlie  ultraviolet  radiation.  It  was  planned  to  use  a 
single  ca])acitor  of  about  5000-J  energy  storage  capacity.  Commercial-quality 
fused  quartz  was  used  for  tlie  flashlamp,  which  begins  to  absorb  at  wavelengths 
below  2600  A,  but  this  absorj)tion  was  not  large  enough  to  significantly  degrade 
the  outjiut. 

g 

From  tlu’  analysis  by  Ilolzrichter  and  Schalow',  a parameter  (K^) 

was  calculated  from  thi-  relation  K = kf  /d,  where  I is  the  distance  between 

o 

the  electrodes,  d is  the  hibt'  diameter,  and  k is  a constant  equal  to  1.2.  The 

1 ^ 

voltage  across  the  flashlamp  is  assutried  to  be  projjortional  to  the  square  root 
of  the  curiu  nt 


V = K ^ i 
o 

A clia  rac  te  ri  s tic  impedance  (7,  1 is  given  t)v  Z = Vl/CL  For  a circuit 

o'  ' o 

inductance  of  0.2  5 pH  and  u caj^acitance  of  2.63pF,  is  0.  3083  C.  A 

clra  racte  ris  tic  time  constant  (T)  is  givem  by  T = \ LC.  For  these  values  of 

I,  and  C,  T is  0.  81  1 psi-c.  A flamping  constant  (o),  is  ch'fined  bv  a = K /\^Z  V . 

'000 

For  V - ^0  kV,  a is  and,  for  \'  ^ bO  k\',  0.490.  From  the  parametric 

curves  of  normalized  cu r rent  ve  rsus  normalized  tinu'  givf'n  by  Holtzrichter 

and  Schalow  for  a = 0.  3,  the  pt'ak  current  was  found  to  be  0.  65  V /Z  . For 

o o 


R.  F,  W.  Gross,  The  Aerospace  Corporation,  unpublishi'd. 

8 

J.  F.  Holzrichter  and  A.  L.  Schalow,  "Design  and  Analysis  of  Flashlamp 
Systems  for  Pumping  Organic  Dye  Lasers,  ' Ann.  N.  Y,  Acad.  Sci.  168, 
703  (19701. 
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V = 60kV,  I = 126,  500  A,  and,  for  V ^ 50  kV,  I - lOZ,  000  A.  From  the 
o P ° 

parametric  curves  of  current  versus  time,  it  was  fovind  that  the  half  period  of 

the  current  pulse  for  j = 0.5  is  3.25  T,  whicli  is  2.64psec.  The  theoietical 

current  pulse  for  V — 50  kV  is  shown  in  Fij*.  6,  and  an  actual  current  trace 
^ o 

is  shown  in  Fig.  11. 

Figure  7 is  a simplified  cross-sectional  drawing  of  the  laser  device. 

The  12  coaxial  cables  from  the  spark-gap  switch  are  attached  radially  to  a 
cylindrical  electrode  housing.  The  outside  shields  of  the  coaxial  cables, 
which  arc  grounded,  ar('  attached  to  the  outer  shell  of  the  housing,  and  the 
central  conductors  of  the  coaxial  cables  are  connected  to  the  high-v'oltage 
electrode.  The  ground  electrode  of  the  flashlamp  is  connected  to  the  electrode 
housing  by  three  small  cylindrical  rods  around  the  flashlamp.  The  magnetic 
field  associated  with  the  flashlamp  current  is  mostly  confined  between  the 
flashlamp  and  tlie  ground  return  rods,  so  that  the  energy  IcviTs  of  tlie  excited 
iodine  atoms  in  the  annular  region  are  affected  very  little  by  Zeeman 
spli  tting . 

A fornmla  that  aijpears  to  fiescribe  the  functional  behavior  of  the 

8 

flashlanip 's  explosion  limit  was  given  by  Holz riclite r and  Schlow 

E = b f d nTt 

X 

where  b is  a constant  about  6.8  X J cm^sec^'^^.  For  the  parameters  of 
this  study,  E = 11,000  J.  The  lamp  tlierefore  is  operated  well  below  the 
explosion  limit. 

A potential  problem  that  had  to  be  addressed  in  tliis  design  of  the 
flashlamj)  circuit  in  which  the  ground  rebirn  rods  were  used  was  the  electro- 
magnetic forces  on  these  rods.  The  magnetic  field  associated  with  the 
flashlamp  current  is  Bq  = fjL^I/2TTK.  For  I --  120,000  A,  the  value  of  Bq  at 
the  rod  position  of  R = 1.9  cm  is  Bo  = 1.26  Wb/m^.  Each  rod  carries  a 
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maximum  current  of  40,000  A:  therefore,  the  J X B force  per  rod  is  l.^i6  X 
40,000  50,400  N/m.  A constant  force  of  this  magnitude  would  tear  the  rods 

apart,  but  the  duration  of  the  force  is  short  (~2  psec).  The  rods,  therefore, 
receive  an  impulse  of  0.  1 N-sec/m,  which  can  then  be  absorbed  by  restrain- 
ing supports  over  a much  longer  period  of  time.  The  forces  on  the  support 
structure  arc'  then  greatly  reduced.  A detailed  design  calculation  of 
the  response  and  the  required  strength  of  the  restraining  support  rings  was 
considered  too  complicated,  so  a conservative  estimate  was  made  that  the 
forces  on  the  support  structure  were  reduced  by  a factor  of  100.  A design 
based  on  this  estimate  proved  to  be  satisfactory.  Brass  support  rings  1/8-in. 
wide  and  1/  16 -in.  thick  wore  welded  ev'ery  6 in.  along  the  length  of  the  rods. 

High-voltage  insulation  was  a critical  problem,  especially  with  the 

c losi' - fi tti ng  ground  return  rods  and  housing.  A flashlamp  wall  thickness  of 

3 mm  was  required  to  provide  a dielectric  strength  of  60  kV  between  the 

high-voltage  electrode  and  the  groiind  return  rods  and  elc'ctrode  housing. 

The  electrode  spacing  in  the  housing  was  inadequate  to  prevent  voltage 

brc'akdown  in  air;  therefore,  an  atomsphere  of  SF^  was  necessary.  Silicone 

rubber  seals  were  used  between  the  inner  laser  tube  and  the  electrode  housing 

and  tile  ground  eli-ctrorle  to  contain  tlie  SF^  gas.  The  SF^  gas  was  fed  slowly 

into  tile  electrode  housing  and  th<'n  flowu-d  out  through  a small  hole  in  the 

seal  around  the  ground  electrode.  This  scheme  worki'd  well,  and  the  only 

iTectrical  breakdowns  occurred  when  Uie  SF^  was  not  flowing  in  the 

I'li'C'trode  housing,  Tlic'  SF/  gas  does  not  absoi’b  tlie  ultravioh't  radiation  used 

6 ' 

to  pump  tlie  iodine  laser.  All  electrical  connections  were  silve r- solde red  or 
clamped  very  tightly  to  avoid  contact  arcing  caused  by  the  high  peak  current. 

J 
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E.  INDUCTANCE  CALCULATIONS 


The  total  inductance  of  the  flashlamp  circuit  was  previously  stati'd  to 
be  0.02  5 pH.  A summary  of  the  calculations  for  the  indvictance  is  given  in 
this  section. 

A useful  formula  for  the  inductance  of  coaxial  cables  is  L = 2f  (cm)  In 
(b/a)  nanoH.  For  the  RG-8/U  coaxial  cable,  L = 2.75  nanoH/cm.  For  12 
cables  in  parallel,  L = 22.9  nanoH/m,  and  for  the  2-m  length  actually  used, 
L = 45.  8 nanoH. 

The  calculation  of  the  inductance  for  the  flashlamp  with  the  ground 
return  rods  and  electrode  housing  is  more  complex.  The  inductance  of  the 
flashlamp  is  calculated  witln  one  rod  and  then  divide  by  three.  The  formula 
used  is 


2 

L = 2 In  d /pjP^  nanoH /cm. 

where  p and  p_  are  the  diameters  of  tlic  flashlamp  and  rod  conductors, 
respectively,  iind  d is  the  spacing  between  centers  of  the  conductors. 


L = 2 In  ■ / = 2. 46  nanoH /cm 

1.6  X 0 . oZ  5 


For  three  rehirn  rods  117  cm  long,  = 177  x 2.46/3  = 96  nanoH.  There  is 

a short  length,  5 cm,  of  a close-fitting  coaxial  ground  electrode  of  3.2  cm 
diameter.  The  high-voltage  electrode  has  a diameter  of  1 . 2 cm  in  tliis 
region.  Tlu'refore, 


Lt  = 2 X 5 In  (• 


1.2' 


= 9.8  nanoH 


'^F.  W.  Grover,  Inductance  Calculations,  Working  Formulas  and  Tables, 
Dover  Publications,  New  York  (19(i2). 
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The  cylindrical  housing  is  4.  5-cm  long  and  has  a diameter  of  12.8  cm.  Thus, 
= 2 X 4.  5 ln(12.8/1.2)  = 21.  3 nanoll.  The  total  inductance  of  the  flashlamp 
and  electrode  connections  is  L = Lj  + = 127.  1 niinoH. 


The  inductance  contributions  of  tiie  individual  elemt'nts  are:  L 


capacitor 


= 15  nanoH,  L , , =45.8  nanoH,  L,  = 127.  1 nanoH,  and  L = 

cables  lamp  switch 

60  nanoH.  The  last  figure  is  an  estimate.  The  total  circuit  inductance  is 
the  sum  of  the  above,  i.e.  , = 250  nanoH. 
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V.  LASER-TUBE  FABRICATION 


The  tube  was  fabricated  from  commercial  fused-quartz  tubing  with 
optical-quality,  fused-silica  end  windows.  The  windows  were  fabricated 
from  Dynasil  Type  410Z  fused-silica  disks  5/8  in.  thick.  They  were 
optically  ground  and  polished  flat  on  both  sides  to  about  X/10  (visible)  and 
then  coated  witli  anti  reflection  layers  (at  =1.3  pm). 

The  outside  of  the  inner  annular  tube  was  sandblasted,  and  the  inside 
of  the  outer  tube  was  ground  to  eliminate  specular  reflections  from  the 
surface  that  might  cause  parasitic  stimulated  emission.  The  grinding  of 
the  outer  tube  was  accomplished  by  rotating  the  tube  for  several  hours  with 
a mixture  of  coarse  alumina  grinding  powder  and  porcelain  balls.  The  ends 
of  the  cylindrical  tubes  had  to  be  cut  accurately  to  cement  the  end  windows 
with  minimum  gaps.  Also,  the  ends  were  cvit  at  a small  angle  to  one 
another  to  prevent  multiple  reflections  between  the  end  windows.  The  inner 
and  outer  tiibes  were  held  in  precise  alignment  witlr  each  other  during  cutting 
with  a diamond  saw  by  waxing  the  tubes  together  with  hard  optical  wax. 

Torr  Seal  epoxy  cement  supplied  by  Varian  Associates  Vacuum  Division 
was  used  for  cementing  the  end  windows  to  the  annular  tubes.  It  was  necessary 
to  make  end  jigs  to  hold  the  parts  in  alignment  while  tacking  the  pieces 
together.  The  joints  wore  then  carefully  cemented  for  a vacuum  tight  seal. 
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VI.  VACUUM  AND  GAS-HANDLING  SYSTEM 


The  vacuum  and  j>as -handling  system  is  sho^vn  schematically  in  Fig.  8. 

A small  oil  diffusion  pump  is  used  to  pump  out  the  system  to  a vacuum  of 
-4 

less  tlian  10  Torr.  A flexible  metal  bellows  tube  connects  the  manifold  to 
the  laser  tube.  The  vacuum  manifold  is  also  us^d  to  pump  out  and  fill  the 
xenon  flashlamp.  Pressures  are  measured  by  a Bourdon  tube  gauge.  Tht' 
xenon  flashtube,  for  example,  is  filled  with  about  50  Torr  of  xenon  and  is 
then  disconnected  from  the  system.  This  fill  is  good  for  at  least  50  shots. 
The  C^Fyl  is  stored  in  a jjyrex  flask  that  can  be  cooled  with  liquid  nitrogen. 
The  usual  procedure  for  filling  the  laser  tube  is  to  allow  the  C^F.^,!  to  warm 
up  slowly  from  liquid  nitrogen  temperature  with  the  valve  to  the  flask  opened. 
The  vapor  pressure  increases  witli  temperature  (Fig.  9),  and  the  valve  to  the 
flask  is  closed  when  the  desired  pressure  (~~  20  Torr)  is  reached.  A single 
fill  of  C^F^I  can  be  used  for  up  to  20  shots  witli  only  slight  deterioration  in 
output  energy.  The  gas  finally  fic-comes  contaminated  with  iodine,  which 
quenches  the  excited  iodine  atoms,  and  other  products  of  the  flash  photolysis. 
This  material  can  be  pumpi-d  out  into  a waste  cylinder  cooled  to  liquid 
nitrogen  temperature.  Iodine  was  observed  to  condemse  on  the  walls  but 
disappeared  after  pumping  overnight. 
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Fig  9.  C3I‘'yI  Vapor  Pressure  Versus  Temperature 
(!•  rom  J.  C.  Coffer,  The  Aerospace 
Corporation) 
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Vn.  PERFORMANCE 


I 

The  iodine  laser  was  first  tested  with  a Fabry-Perot  resonator  con- 
sisting of  a fully  reflecting  mirror  and  a partially  reflecting  mirror.  Two 
partially  reflecting,  plane,  parallel  plates  were  fabricated  from  optical- 
quality  fused  silica.  They  were  coated  with  an  anti  reflective  coating  on  one 
side  and  with  a nonabsorbing,  partially  reflecting  coating  on  the  other  side, 
with  reflectivity  values  of  80  and  50%,  respectively.  The  partially  reflecting 
plate  of  the  Fabry-Perot  resonator  was  aligned  parallel  with  the  flat  mirror 
by  means  of  a small  He:Ne  laser  beam. 

The  intensity  distribution  of  the  near  field  was  recorded  with  an  infrared 
vidicon  camera  with  an  RCA  Iricon  tube.  The  laser  beam  obtained  with  the 
Fabry-Perot  resonator  illuminated  a sand-blasted,  black-anodized  aluminum 
screen  that  was  focused  onto  the  infrared  vidicon.  The  vidicon  image  was 
recorded  and  then  displayed  on  a monitor,  which  was  photographed  with  a 
Polaroid  oscilloscope  camera.  Figure  10  is  a typical  photograph  of  the  near- 
field intensity  distribution.  A radial  decrease  in  intensity  is  evident,  as 
expected,  and  the  three  current  return  rods  create  distinct  shadows  in  the 
output  distribution. 

The  flashlamp  current  was  sensed  with  a small  probe  coil  mounted 
inside  the  electrode  housing  near  the  wall.  This  signal  is  proportional  to 
dB/dt;  the  signal  was  integrated  witli  iin  RC  circuit  to  obtain  a voltage  pro- 
portional to  the  current.  From  tlie  geometry,  it  was  calculated  that  I = 

6 X lO^V  . The  detailed  calculations  a r<-  given  in  Appendix  B.  An  intrinsic 
out 

germanium  detector,  operated  at  room  temperature,  was  set  up  to  monitor 
the  laser  radiation.  The  detector  response  extends  to  1 . 8 pm,  and,  therefore, 
it  is  sensitive  at  the  iodine-laser  wavelength  of  1.  315  pm.  The  detector  is 
normally  used  in  the  photovoltaic  mode,  but  it  was  converted  for  use  in  the 
photoconductive  mode  by  a -6V  bias.  A relatively  low  load  resistance  of 
100  0 was  used.  The  detector  should  therefore  be  linear  at  signal  levels  of 
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Fig.  10.  I\oar-Field  Intensity  Distribution 
of  Iodine  Laser  with  Fabry- 
Perot  Resonator 
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several  volts-far  above  the  signal  levels  of  ~ 100  mV  that  were  normally 
used. 

For  most  shots,  dual  scope  traces  were  made  of  the  current  and  the 
laser  output.  A typical  dual  scope  trace  is  shown  in  Fig.  11.  The  signals 
are  smeared  by  rf  interference  (probably  from  the  spark  gap  trigger)  at 
the  beginning  of  the  trace,  which  makes  it  difficult  to  establish  zero  time. 

appears,  however,  that  the  current  pulse  duration  (time— to— zero  current) 
is  approximately  4.  5 psec.  The  peak  current,  for  this  shot  at  50  kV,  is 
approximately  75  kA.  Therefore,  tlic  pulse  duration  is  longer,  and  the 
peak  current  is  less  than  calculated.  The  calculated  values  for  50  kV  were 
102  kA  and  2.  7 psec,  respectively.  The  laser  output  begins  at  the  time  of 
the  peak  current  and  the  main  pulse  lasts  for  about  2.  5 psec  with  a lower 
intensity  tail  extending  beyond. 

Focused  burn  patterns  and  energy  measurements  were  obtained  with 
the  Fabry-Perot  resonator  with  both  the  80  and  50%  reflecting  plates.  The 
out])ut  laser  radiation  was  focused  with  an  optical-quality,  fused- silica  lens  of 
2.2  m focal  length.  The  resulting  spot  size  of  approximately  1 cm  diam  was 
indicative  of  the  multimode  output  from  the  Fabry-Perot  resonator. 

The  laser  pulse  energy  obtained  with  the  Fabry-Perot  resonator  was 
measured  with  a calorimeter-type  laser  energy  meter.  At  60  kV  and  20  Torr 
of  C^F^I,  the  maximum  pulse  energy  was  7.  5 J,  with  the  80%  plate.  With  a 
50%  plate,  however,  the  maximum  pulse  energy  increased  to  12.  5 J.  This 
compares  favorably  with  the  calculated  value  of  16.  5 J for  the  total  available 
laser  pulse  energy.  It  must  be  presumed  that  the  resonator  is  not  100% 
efficient  in  extracting  the  total  available  energy.  Since  this  comparison  with 
the  theoretical  performance  is  quite  close,  other  estimates,  such  as  the 
degree  of  dissociation  and  the  gain,  are  probably  also  close. 
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Vm.  SUMMARY 


The  design  and  performance  of  an  annular  iodine  laser  designed  to 
study  annular  resonators  at  a high  Fresnel  number  has  been  described.  The 
laser  medium  is  pumped  by  flash  photolysis  with  a high-intensity  flashlamp 
on  the  axis  of  the  tube.  The  laser  medium  is  completely  unobstructed  and 
accessible  to  a variety  of  laser  resonators.  The  laser  device  was  designed 
to  accept  a fully  reflecting  mirror,  which  covers  the  entire  annular  region 
at  tlie  high-voltage  end.  The  medium  should  be  quite  homogeneous  so  that 
the  performance  will  not  be  degraded  by  the  gain  medium  itself. 

The  laser  design  appears  to  fulfill  all  the  requirements,  and  the  per- 
formance is  close  to  tlie  theoretical  estimates.  This  laser  device,  therefore, 
should  provide  an  excellent  facility  for  testing  annular  laser  resonators  at 
high  Fresnel  numbers.  However,  because  the  laser  is  a pulsed  device, 
adjustments  to  resonator  elements  cannot  be  made  in  real  time.  It  is 
necessary  therefore  that  the  alignment  of  the  resonator  be  accomplished  with 
sufficient  precision  by  means  of  external  alignment  devices  and  that  the 
stability  of  the  resonator  base  and  optical  elements  be  adequate  to  preserve 
the  alignment. 
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APPENDIX  A 


THRESHOLD  GAIN  OF  CONVERGING- WAVE, 
UNSTABLE-CAVITY  RESONATOR 


The  annular  iodine  laser  was  initially  designed  to  operate  with  a 
converging-wave,  unstable-cavity  resonator.  ^ It  was  necessary  to 
calculate  the  threshold  gain  of  this  resonator  in  order  to  specify  the  required 
gain  of  the  iodine  laser.  Figure  A- 1 is  an  optical  schematic  diagram  of  the 
proposed  resonator  configuration  with  the  annular  iodine  laser.  The  resonator 
was  specified  as  fol  ows:  Rj  = 150cm,  R^  = -50  cm,  I - 100  cm,  and 

L = 50  cm.  In  the  absence  of  the  double-sided  coupling  mirror,  the  round 
trip  magnification  (M)  of  confocal  unstable  resonator  is 


l^i\ 


Note  that  the  radius  (R^)  tl^f’  convex  mirror  is  considered  to  be  negative 
by  conv(.'ntion.  The  n^agnification  (M^)  for  the  diverging  wave  portion  of 
the  converging-wavi',  unstable-cavity  resonator  is 


Mj  = M - a{M  - 1) 


and  the  magnification  (M^)  for  the  parallel  beam  side  can  be  determined 
from  the  relation 


MjM^  = M 
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Chodzko^  cU' rived  the  relation  for  the  total  reflectivity  (r)  of 
tile  parallc-1  beam  of  the  resonator 

(1  - l/M^) 

(1  - 1/M^) 

The  calculated  values  of  M,,  and  r for  a range  of  values  of  tliat  might 

be  list'd  are  given  in  Table  A-1. 

Table  A-1.  Calculated  Values  of  Reflectivity  and  Theshold  Gain 


a 

M, 

I* 

0.2  5 

2.  50 

1 . 20 

0.  34  37  5 

0.0064  55/  cm 

0.  50 

2.  00 

1 . 50 

0. 6250 

0.00  3466  / cm 

0.  75 

1.  50 

2.  00 

0. 84375 

0 . 00  1 965  /cm 

For  the  calculation  of  threshold  gain,  tlie  effective  reflectivity  (r^)  must  be 
usetl.  It  is  tlie  jiroduct  of  r above  and  the  actual  surface  reflectivity  plus 

I 

window  absorption,  and  r^  = ’ *'m‘  assumed  that  r^^^  = 0.80.  The 

threshold  gain  ])cr  unit  lengtli  is 

Pt"2l 


I 
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APPENDIX  B 


CURRENT  MEASUREMENT  PROBE 

Moasuremc'iit  of  tJic  flashlam]3  current  was  accomjjlished  witli  a small 
current  probe  locatc-d  inside  tlie  electrode  housinf>  n<'ar  tlic-  corner.  The  signal 
from  tlie  current  probe  is  proportional  to  dB^/dt  anri  thus  to  dl/dt;  Uiere- 
fore,  the  signal  must  be  integrated  to  display  the  current  pulse  on  an 
oscilloscope. 

The  current  probe  was  made  by  winding  four  turns  of  fine  Formvar 

insulated  wire  on  a No.  10-24  nylon  screw.  The  twisted  leads  were  thi'n 

connected  to  a Microdot  coaxial-cable  conn(’ctor  mount(’d  tli rough  the  housing. 

A requirement  that  the  probe  coil  signal  be  proportional  to  dB/dt  is  tliat 

u.  L <■  7.  , where  Z is  the  impedance  of  the  coaxial  cable  that  carries  tlie 

o o 

signal  to  tlie  oscilloscope.  It  was  calculated  tliat  the  inductance  of  the  probe 

coil  was  0.042  pH;  therefore,  uj  = Z /L  = 54/0.042  x 10  ^ - 1 /286  x 10^,  and 

8 o o 

V’  = UJ  /2tt  = 2 y 10  Hz.  Since  the  Tektronix  Tyiie  551  oscilloscope  has  a 
o o 

bandwidth  of  only  30  MHz,  the  requirement  tliat  w L ' is  fulfilled. 

The  probe'  coil  is  located  apjiroximately  6 cm  from  the  flashlamp 
axis.  The  magnetic  field  is 

B = ^ I = 3.  3333  X 10"^I(Wb/m^) 

/-ttR  Ztt  X 0.  On 

Th('  output  of  the  }:)roi)e  coil  is  V.  = NA  dB/dt,  where  N is  tlie  number  of 

1 ' 

turns,  and  A is  the  cross-sectional  area  of  the  coil.  NA  = Ibir  ■ 10  m ; 
thus,  Vj  = 1.675  X 10~  dl/dt.  The  integrating  cirevut  consists  of  a 10-k.'. 
resistor  and  a 0.01-pF  capacitor,  giving  a time  constant  of  100  psec,  which 
is  more  tlian  adequate  for  these  measurements.  The  signal  outjiut  from  tlie 
integrator  is 
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or 

I = 6 X lO^V^ 

The  probe  coil  was  not  calibrated  to  verify  the  calculated  constant  of 
proportionality,  but  the  above  relation  should  be  fairly  close. 


THE  IVAN  A.  GETTING  LABORATORIES 

The  Laboratory  Operations  of  The  Aerospace  Corporation  is  conducting 
experimental  and  theoretical  investigations  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  concepts  and  systems.  Ver> 
satility  and  flexibility  have  been  developed  to  a high  degree  by  the  laboratory 
personnel  in  dealing  with  the  many  problems  encountered  in  the  nation’s  rapidly 
developing  space  and  missile  systems.  Expertise  in  the  latest  scientific  devel- 
opmen'^s  is  vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The 
laboratories  that  contribute  to  this  research  are: 

Aerophysics  Laboratory:  Launch  and  reentry  aerodynamics,  heat  trans- 
fer, reentry  physics,  chemical  kinetics,  structural  mechanics,  flight  dynamics, 
atmospheric  pollution,  and  high-power  gas  lasers. 

Chemistry  and  Physics  Laboratory:  Atmospheric  reactions  and  atmos- 
pheric  optics,  chemical  reactions  in  polluted  atmospheres,  chemical  reactions 
of  excited  species  in  rocket  plumes,  chemical  thermodynamics,  plasma  and 
laser-induced  reactions,  laser  chemistry,  propulsion  chemistry,  space  vacuum 
and  radiation  effects  on  materials,  lubrication  and  surface  phenomena,  photo- 
sensitive* materials  and  sensors,  high  precision  laser  ranging,  and  the  appli- 
cation of  physics  and  chemistry  to  problems  of  law  enforcement  and  biomedicine. 

Electronics  Research  Laboratory;  Electromagnetic  theory,  devices,  and 
propagation  phenomena,  including  plasma  electromagnetics;  quantum  electronics, 
lasers,  and  electro-optics;  conununication  sciences,  applied  electronics,  semi- 
conducting, superconducting,  and  crystal  device  physics,  optical  and  acoustical 
imaging;  atmospheric  pollution;  millimeter  wave  and  far-infrared  technology. 

Materials  Sciences  Laboratory;  Development  of  new  materials;  metal 
matrix  composites  and  new  forms  of  carbon;  test  and  evaluation  of  graphite 
and  ceramics  in  reentry;  spacecraft  materials  and  electronic  components  in 
nuclear  weapons  environment;  application  of  fracture  mechanics  to  stress  cor- 
rosion and  fatigue -induced  fractures  in  structural  metals. 

Space  Sciences  Laboratory;  Atmospheric  and  ionospheric  physics,  radia- 
tion from  the  atmosphere,  density  and  composition  of  the  atmosphere,  aurorae 
and  air<glow;  magnetospheric  physics,  cosmic  rays,  generation  and  propagation 
of  plasma  waves  in  the  magnetosphere;  solar  physics,  studies  of  solar  magnetic 
fields;  space  astronomy,  x-ray  astronomy;  the  effects  of  nuclear  explosions, 
magnetic  storms,  and  solar  activity  on  the  earth's  atmosphere,  ionosphere,  and 
magnetosphere;  the  effects  of  optical,  electromagnetic,  and  particulate  radia- 
tions in  space  on  space  systems. 

THE  AEROSPACE  CORPORATION 
E1  Segundo,  California 


